Somatosensory evoked potentials (SEPs) were recorded from the scalp in man to magnetic stimulation of various skeletal muscles. The potentials consisted of several components, the earliest of which decreased in latency as the stimulated site moved rostrally, ranging from 46 msec for stimulation of the gastrocnemius, to 14 msec for stimulation of the deltoid. Experiments were performed to distinguish the mechanisms by which magnetic stimulation of the muscle was effective in evoking these cerebral potentials. For the gastrocnemius, the intensity of the magnetic stimulus needed for evoking cerebral potentials was less than that required for activating mixed or sensory nerves in proximity to the muscle belly (eg, posterior tibia1 nerve in the popliteal fossa, sural nerve at the ankle). Vibration of the muscle or passive lengthening of the muscle, procedures which activate muscle spindles, were accompanied by a significant attenuation of the potentials evoked by magnetic stimulation of the muscle. Anesthesia of the skin underlying the stimulating coil had no effect on the latency or amplitude of the early components of the magnetically evoked potentials, whereas electrically evoked potentials from skin electrodes were abolished. Thus, the cerebral potentials accompanying magnetic stimulation of the muscle appear to be due to activation of muscle afferents. We suggest that magnetic stimulation of muscle can provide a relatively simple method for quantifying the function of muscle afferents originating from a wide variety of skeletal musculature
methods for evoking somatosensory evoked potentials. First, the amplitude of the potentials are small relative to those evoked by stimulation of mixed or sensory nerve trunks. Second, the equipment and procedures needed for the delivery of these stimuli, as well as their calibration, are complex. We report, in this article, on the use of magnetic stimulation of the muscle belly in humans as a relatively simple way of activating muscle receptors for evoking brain potentials of robust amplitude.
The application of a focal magnetic stimulus to the body induces an electric field that can depolarize nerve fibers and neurons if its intensity and duration are Somatosensory evoked potentials (SEPs) to intense magnetic stimulation of spinal roots and peripheral mixed nerves have been recently described,34x36 which did not differ in latency to the potentials evoked by electrical stimulation of the same structures. This report examines the brain potentials accompanying magnetic stimulation of the muscle belly, and defines the relative role of cutaneous and muscle spindle afferent in their generation.
Magnetic Stimulation of Muscle
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METHODS
Fourteen healthy volunteers (7 men and 7 women), aged 22 to 45 years, were studied after having given informed consent. Subjects were tested while lying prone or supine on a bed, and remained awake through the procedures.
Magnetic stimulation was performed with a Cadwell MES-10 stimulator. A focal point coil with a mean diameter of 4.7 cm was placed tangentially to the skin overlying the gastrocnemius belly. In addition, in 5 of the subjects, stimulation of other muscles was also carried out. A brief pulse, 0.07 msec in duration, up to 3000 V at maximal output, was passed through the coil by the discharge of capacitors. The changing magnetic field, which approached 2.0 Tesla, induced electrical currents within the tissue. The wave form of the magnetic field produced by the Cadwell stimulator is polyphasic. The initial major phase lasts approximately 0.05 msec, followed by a variable number of alternating phases."" The initial sharp voltage from the baseline represents the relevant stimulus for the tissue. A stimulation rate of 0.7 Hz was used. The transformer in the stimulator overheated during repetitive stimulation at this rate, requiring that it be switched off after every 200 to 300 stimulations for 1 to 3 minutes. The intensity of the magnetic stimulus was defined as a percentage of maximal output.
The subjects' threshold to magnetic stimulation was defined both as the intensity needed for justdetectable perception (sensory threshold or ST), and as the just-visible detection of a movement of the muscle beneath the magnetic coil (motor threshold or MT). Cerebral evoked potentials were usually recorded at 40% to 50% of maximum output (2 to 2.5 M T , or 2 to 2.5 ST), unless otherwise specified.
A high amplitude artifact, lasting approximately 20 msec, accompanied the appliation of the magnetic stimulus. The artifact reflected the spread of the magnetic flux of the stimulus to involve the recording wires resulting in an induced current that was detected by the amplifiers. Twisting the recording wires together and aligning the recording wires transverse to the magnetic coil plane was useful in reducing the amplitude of the artifact. 26 In addition, turning the magnetic coil 180", for half of the sweeps in each average, effectively reversed the phase of the induced current flow allowing cancellation in the averaging process of the artifact. This reversal did not affect the latencies or amplitudes of cerebral potentials to stimulation of the gastrocnemius muscle.
The discharge of the electrical current through the magnetic coil is acompanied by a clicking sound. The cerebral evoked potentials accompanying magnetic stimulation of the gastrocnemius muscle was found to be unchanged in the presence of a masking noise (2 subjects). Thus, all studies except for threshold estimations were done without noise masking.
Percutaneous electrical stimulation with bipolar electrodes was performed over the posterior tibia1 nerve (PTN) at the ankle, immediately posterior to the medial malleolus, and at the popliteal fossa. A 0.2-msec square pulse of constant current was delivered at a rate of O.7lsec. The intensity was adjusted to 30% above the motor threshold of the abductor halluces.
Recording electrodes were AgIAgC1 disks, 8 mm in diameter, attached with electrode cream to the skin. Electrode impedances were maintained close to one another and measured below 2 kOhms. Recording electrodes were placed on thoracic spinous processes, T12, referenced to T10; on the scalp, 2 cm posterior to the Cz position of the 10-20 International System referenced to Fpz. A ground electrode was placed either on the scalp between the pair of recording electrodes during magnetic stimulation, or between stimulation and recording electrodes during electrical stimulation. The potentials were amplified with a gain of 500,000 using a band-pass of 1 to 1500 Hz (6 dB1octave slope), and averaged (usually 100 to 200 trials) with a time base of 120 msec, including a 12-msec pre-stimulus baseline. Duplicate averages were made for each condition. A potential of positive polarity at grid 1 of the amplifier was reflected by a up-going deflection on the trace.
Peak latencies and peak-to-peak amplitude of the evoked potential components were measured from a computer display using a cursor. The components of the evoked potential were designated by their polarity (P or N for positive or negative), and their approximate peak latencies in msec. The t-test for related measures between the means was performed to evaluate the significance of differences. Pearson product moment correlations were used to evaluate the relationship between the height of the subject and the latencies. Differences were considered significant at a P < 0.05 level.
Scalp topography of SEPs following magnetic stimulation over the gastrocnemius, or electrical stimulation to the PTN at the knee, or at the ankle, were studied in 2 subjects. An array of 16 electrodes referenced to linked-ears served to create amplitude distributions over the scalp at vari- ous peak latencies. The 12-msec pre-stimulus period was used to define the amplitude of the selected peaks. Several procedures were used to distinguish the mechanisms by which magnetic stimulation of the muscle was effective in evoking cerebral potentials. These included (1) the influence of muscle vibration ( 5 subjects), (2) passive change in muscle length ( 5 subjects), and (3) cutaneous nerve blockade (2 subjects). Vibration was produced by activating a rod with a ring 4 cm in diameter at its tip, with sinusoidal frequencies between 20 and 120 Hz. The ring was applied on the skin overlying the gastrocnemius muscle belly, 2 cm rostra1 to the site of application of the magnetic coil. The displacement of the rod during vibration was 5 mm. Maintained passive dorsiflexion and plantar flexion of the ankle was performed manually by the experimenter. A nerve block (1.5% procaine) was made of the lateral femoral cutaneous nerve at the inguinal ligament that produced anesthesia of the skin overlying the lateral portion of the thigh. The effects of this anesthesia on the potentials evoked by both magnetic stimulation of the belly of the vastus lateralis muscle, and electrical stimulation of the skin surface that was anesthetized, were examined. The H-reflex was recorded to both magnetic stimulation and electrical stimulation of the PTN at the popliteal fossa in 3 subjects. They lay supine on the bed with the examined leg flexed 120" at the knee joint. The magnetic coil was positioned with the edge of the coil tangential to the course of the nerve. The active recording surface electrode was placed on the soleus belly with the reference electrode on the Achilles tendon. The ground electrode was placed near the active recording electrode. The recorded signals were filtered with a band-width of 30 to 3000 Hz. The H-reflex from soleus muscle was also recorded to electrical stimulation with 1 .O-msec square pulses to the PTN at the popliteal fossa in the same subjects.
RESULTS
General Description. Magnetic stimulation, applied to the belly of the gastrocnemius muscle at a rate of 0.7 Hz, evoked cerebral potential recorded between Cz' and Fpz (Fig. l) , consisting of several components: P40, N50, P60, N70, and P100. SEPs to stimulation of the PTN at the ankle showed a similar sequence of components that peaked on average from 0.2 to 8.9 msec earlier than the magnetically evoked SEPs ( Fig. 1 , Table 1 ). For both types of stimulation, there was a linear correlation between body height and latency of the initial positive component (P40 for magnetic stimulation of the gastrocnemius, and P37 for PTN electrical stimulation, Fig. 2 ). The amplitudes of the cerebral components evoked by magnetic stimulation of the gastrocnemius were 33% to 82% of the comparable PTN-evoked potentials. In particular, the amplitude of the early P40/N50 component to magnetic stimulation was approximately 80% of the same complex evoked by electrical stimulation. It was not possible to record a potential over the lumbar region to magnetic stimulation of the gastrocnemius muscle in the 3 subjects tested, whereas these same subjects all had clear lumbar potentials to PTN stimulation (Fig. 1C) . SEPs evoked by magnetic stimulation of the gastrocnemius muscle, were very replicable with regard to form and latency within the same subject. Figure 1 C contains 6 superimposed averages from the same subject tested several times in one day, as well as over several different days. The latencies of the components hardly varied, whereas their amplitudes could differ by as much as 20%. The scalp distribution of the P40 potential evoked to magnetic stimulation of the gastrocnemius muscle peaked at the midline and tailed off symmetrically on either side (Fig. 3a) .
In contrast, the P37 to PTN stimulation at the ankle, or the P31 to PTN stimulation at the knee, were asymmetrically distributed over the scalp, being positive in the midline ipsilateral to the stimulus site, and isopotential or even negative over the contralateral hemisphere (Figs. 3b and c) .
The intensity of magnetic stimulation of the gastrocnemius muscle affected both the amplitude and latency of the evoked potentials (Fig. 4) . In the subject portrayed in Figure 4 the latency of the initial peak, P40, was reduced approximately 5 msec and its amplitude (P40 to N50) increased approximately 3-fold when the stimulator output was raised from 20% to 50% of maximum. Increasing the stimulus intensity above 50% of maximum resulted in little further change in both latency and amplitude of the P40 component. Table   2 contains latency and amplitude measures of the P40 component for 3 subjects tested at two stimulus intensities, 30% and 50%.
Cerebral potentials accompanied magnetic stimula.tion of muscles widely distributed over the body (Fig. 5) . The latency of the initial positive component of the cerebral potentials shortened as the site of stimulation moved rostrad: from 40 msec for the muscles of the leg, to approximately 30 msec for the paraspinous lumbar muscles, to 20 msec for the deltoid muscle. Note, that for the latter muscle, an even earlier negative component at 14 msec could be defined.
Mechanisms by Which Magnetic Stimulation of the Muscle Belly Evokes a Cerebral Potential
Stimulation of Cutaneous Receptors. The early (P25, P38) cerebral potentials, evoked by magnetic stimulation of the skin surface overlying the vastus lateralis belly, were essentially unchanged by a procaine nerve block of the lateral femoral cutaneous nerve that resulted in anesthesia of the skin underlying the coil (Fig. 6A) . The modification of the late components suggests that cutaneous afferents are one of the contributors to these late components.
area through bipolar skin surface electrodes (separation 3 cm) at an intensity of 3ST (defined before nerve block) failed to elicit any cerebral poIn contrast, electrical stimulation of this same tentials after anesthetic block of the lateral femoral cutaneous nerve (Fig. 6B) . Thus, the cerebral potentials evoked by magnetic stimulation applied to the skin overlying a muscle belly is not due to activation of cutaneous receptors, whereas the potentials evoked by electrical stimulation of this same skin area reflect activation of superficial cutaneous receptors. When the coil was placed over a superficial mixed nerve, such as the PTN at the ankle, the stimulus strength necessary for provoking either a muscle contraction or a cerebral evoked potential was much higher than when the coil was placed over the muscle itself. In 5 subjects, the threshold for a visible gastrocnemius contraction when the magnetic stimulator was placed over the muscle belly was 26% & 1.6%, compared with 52% * 2.0% when the coil was placed over the PTN in the popliteal fossa ( P < 0.001). Moreover, the threshold for evoking a cerebral potential by magnetic stimulation applied over a cutaneous nerve, such as the sural nerve at the ankle, was approximately double that needed for evoking cerebral potentials when the stimulator was applied over the belly of the gastrocnemius muscle. Thus, it is unlikely that the cerebral potentials accompanying magnetic stimulation over the muscle belly are due to activation of nerve trunks.
Stimulation of the Muscle Leads to Activation of
Muscle Receptors. Sustained vibration applied to the muscle belly to activate muscle receptors affected the potentials evoked by magnetic stimula-
Stimulation of Peripheral Nerve Trunk(s).
A. Control tion of that muscle. Vibration applied over the gastrocnemius diminished (up to 44.8% ? 11.4%; P < 0.05) the amplitude of the P40-N50 component of cerebral potentials to gastrocnemius magnetic stimulation accompanied by a modest delay in peak latency (Fig. 7A, Table 3) . Vibration of the limb contralateral to the stimulated side had no such effect on the cerebral potentials to magnetic stimulation of the gastrocnemius muscle. Vibration frequencies between 40 and 80 Hz were the most effective in attenuating the amplitude of P40-N50 (Fig. 7B) . Thus, it is likely that Ia afferents become activated when magnetic stimulation is applied to the muscle belly. This involvement could either be by direct stimulation of muscle receptors and their nerve endings, or by indirect means secondary to an induced contraction of the muscle itself.
These alternatives were examined by testing the effects of passive dorsiflexion and plantar flexion of the ankle on magnetically evoked potentials. These positions should have little effect on the amplitude of the evoked potentials to magnetic stimulation if the magnetic stimulus directly activated the muscle receptors or their afferent. Passive lengthening of the gastrocnemius-soleus, by dorsiflexion of the ankle, was accompanied by an attenuation (54.4% 2 8.2%) of the P40-N50 component of the cerebral potentials evoked by magnetic stimulation of the gastrocnemius (Table  4A ). In contrast, there was no change in amplitude of the SEPs to gastrocnemius stimulation B. during passive shortening, ie, plantar flexion at the ankle (Table 4B) . These same positional changes had no effect on the SEPs evoked by electrical stimulation of the PTN (Fig. 8) . Thus, it is likely that magnetic stimulation activates muscle receptors indirectly by causing a muscle contraction, rather than by directly activating the receptors themselves or their nerve endings. Furthermore, it was difficult to directly stimulate Ia afferent by the magnetic coil, even when it was placed in close proximity to a mixed nerve. Thus, magnetic stimulation of the PTN in the popliteal fossa at intensities of 50% elicited a small M-response in the soleus, but no H-reflex. When the stimulus intensity was raised above 50% of the maximum, an H-reflex could be obtained (Fig.  9A ). In contrast, the H-reflex obtained by electrical stimulation of the same nerve appeared at stimulus levels well below that for evoking an M-response (Fig. 9B) . The amplitude of the Hmax obtained by magnetic stimulation was 60% of that obtained with electrical stimulation (Fig. 9C) . Thus, magnetic stimulation applied in the proximity of a mixed nerve activated motor fibers at lower stimulus strengths than required for activating Ia afferent.
DISCUSSION
This study demonstrated that magnetic stimulation applied to the muscle belly can evoke cerebral potentials that are most likely due to activation of muscle afferents secondary to the induced phasic contraction of the stimulated muscle. T h e method presented provides an opportunity to quantify the function of muscle afferent from muscles widely distributed over the body. Prior work on eliciting sensory evoked potentials from muscle afferents have used a rapid change in muscle length as the effective stimulus induced by a phasic movement of a joint,":' mechanical displacement of the ten-don,'* electrical stimulation of muscle afferents through a microelectrode located within a peripheral n e r~e ,~,~~ or intramuscular electrical stimulation with the microelectrode inserted percutaneously at the motor point. 27 The peak latencies of the initial positivity evoked by these different methods applied to the muscles at the same level (ie, the gastrocnemius and tibialis anterior) differed: ranging from 46 msec with mechanical movement of the ankle joint, to 40 msec with magnetic stimulation of the muscle (in the present experiment), to approximately 33 msec with Achilles tendon tap, and 32 msec with direct stimulation of muscle afferents. The latency differences must reflect delays inherent in these various techniques in activating muscle receptor afferents. The use of a magnetic stimulus, applied to the belly of a muscle to activate muscle afferents, has the advantage in that a variety of different muscles can easily be tested and the equipment easily be used. In contrast, the equipment required to produce rapid movement at joints is complex and, for some joints, the arrangement of the instrumentation would be extremely difficult; the accessibility of tendons for mechanical displacement via a tap is easily achieved in only a few muscles; microelectrode stimulation of muscle afferent is an invasive and technically difficult procedure.
The topography of the cerebral potentials evoked by magnetic stimulation of the muscle can be distinguished from the potentials evoked by stimulation of mixed nerves passing close to the muscle under study. The early prominent P40 component following magnetic stimulation of the gastrocnemius was maximal in amplitude at the vertex attenuating symmetrically on either side, similar to the scalp distribution of the initial positivity to mechanical stretch of the gastrocnemius muscle. ' In contrast, stimulation of mixed nerves either just distal (PTN at ankle) orjust proximal (PTN in popliteal fossa) to the belly of the gastrocnemius, produced early positive components (P37 for PTN at the ankle and P31 for PTN at the popliteal fossa) that have an asymmetrical distribution being maximum in the midline and ipsilateral to the side of stimulation, and becoming isopotential or even negative contralaterally. These differences could be due to differences in the cortical arrangement of inpus arising from muscle afferent from the gastrocnemius, compared with mixed inputs from posterior tibia1 nerve.
The cortical projection area of sensory afferent from the gastrocnemius is along the curvature of the interhemispheric fissure. The accompanying dipoles project more tangential to the surface than do the dipole generators activated by inputs from the foot, which lie deep within the interhemisphere fissure.30231
The cortical distribution of the initial positive component (P3 1) to electrical stimulation to PTN at the knee, as shown in Figure 3B , was similar to that of P40 to PTN at the ankle, with the initial positivity amplitude predominance on the side ipsilateral to the stimulus.3~'3~'4~27~30 Electrical stimulation to PTN at the knee activates a wide variety of sensory afferents, including those from muscle, and skin and joint from the foot and the calf. Pelosi et al. 30 suggested that the scalp fields accompanying PTN stimulation at the level of the knee represent an interaction of a variety of dipoles. These factors could account for the differences observed between the scalp distributions of mixed nerve and selective muscle afferent input described in the present study.
There are several lines of evidence indicating that magnetic stimulation applied to a muscle belly evoked cerebral potentials due to Ia afferents from muscle receptors. The cerebral evoked potentials following magnetic stimulation were attenuated when vibration was simultaneously applied to the same muscle. The maximum effects were seen with rates close to 60 Hz, a stimulation rate that induces a discharge of muscle spindles.5~'2~'5 One of the mechanisms underlying this phenomenon is that vibration activates muscle spindles making them inaccessible to other stimuli, such as that accompanying the discharge of the magnetic coil, ie, the busy line effect.'9 Similarly, passive lengthening of the muscle, which also activates muscle spindle^,^' was also accompanied by an attenuation of amplitude of the potentials evoked by magnetic stimulation over that muscle.
In contrast, shortening of that muscle was not accompanied by any such attenuation of the evoked potentials to magnetic stimulation. Cutaneous afferents contribute little to the early components of the potentials evoked by magnetic stimulation, as was shown by the lack of effect of' anesthetic blockade of the lateral femoral cutaneous nerve on the evoked potentials accompanying magnetic stimulation of the vastus lateralis muscle.
Magnetic stimulation of the muscle could directly stimulate muscle receptors and/or their afferent nerve endings, or indirectly activate muscle receptors by inducing a contraction of the muscle itself. Lotz et a1.25 concluded that magnetic stimu- lation applied to a muscle preferentially activates small intramuscular nerve fibers compared with muscle fibers, because, in the curarized patient, there was no muscle twitch in response to maximal magnetic stimulation over muscle. In the present experiment, the finding that latency of the cerebral evoked potentials to magnetic stimulation of the gastrocnemius muscle were longer than to stimulation of the PTN distally at the ankle, also suggests that magnetic stimulation activates muscle receptors or their afferent fibers indirectly through muscle contraction. Even when the magnetic stimulus was applied to a mixed nerve, muscle afferents were engaged (as defined by the H-reflex) at intensities above that necessary for motor efferent effects. Thus, magnetic stimulation easily activates motor nerves sufficient to cause contraction and only activate Ia afferent at high stimulus levels. This is in contrast to electrical stimulation (usually of 0.5 to 1.0 msec in impulse duration) of the nerve, which activates Ia afferents (the H-reflex) at lower stimulus levels than necessary to activate motor efferents." The differences in threshold between sensory and motor nerve fiber activation to magnetic and electrical forms of stimulation are most likely due to differences in their stimulus durations: In magnetic forms of activation, the stimulus is extremely brief (0.05 msec) and has the form of a spike, whereas in electrical forms of activation, the stimulus is usually of long duration (0.2 to 1.0 msec) and has a square-wave
We applied a short-duration electrical pulse, 0.04 msec, to the posterior tibial nerve in the popliteal fossa, and found that the threshold for the M and H waves were changed in comparison with the 1-msec pulse used in the experiments. With the very short-duration pulse, the M and H waves appeared at the same threshold.
Mammalian motor units contract at different speeds." In skeletal muscle of man, there is a continuum of motor unit twitch speeds rather than the 2 distinct populations found in other mammals, ie, fast-twitch and slow-twitch motor units. The duration of contraction varies from less than 10 msec for ocular muscle to 100 msec for soleus muscle, depending on the particular motor unit population." This factor may account for the paradoxical findings illustrated in Figure 5 
